Sustainable food systems (FS) require providing food and other goods and services to humans satisfying food security, right to food, income, social justice and resilience, without degrading human health and hiving high environmental performance. The environmental performance of FS can be evaluated using Life Cycle Assessment. However, research on the impact that FS activities, e.g. crop production have on the capacity of farm-based agroecosystems to provide goods and services to humans is still incipient. Our underlying aim was to understand how FS impact on the provision of agroecosystem services and how this relates to the environmental performance of FS, as a basis for supporting decision-making on how to make FS more sustainable. We propose the Agroecosystem Service Capacity (ASC) as a method for assessing farmbased agroecosystem services, it builds on the Ecosystem Service Matrix by Burkhard et al. (2009) and assesses land cover classes against 20 agroecosystem services. The method was applied to eighteen farmbased agroecosystems in Bolivia and Kenya. Here we present two examples for exploring its potentials and limitations. The ASC operates on the basis of land cover class units and permits the calculation of an aggregate ASC-index for farm-based agroecosystems forming part of a specific FS.
Introduction
Humans have modified the Earth's surface to such an extent that some refer to the current geological epoch as the Anthropocene, thereby equating the importance of human impact on Earth withpast geophysical processes (Crutzen & Stoermer 2011; Steffen et al. 2011) . Agricultural production and related activities -from provision of food products to consumption and waste -are an important factor of the Anthropocene. Together, these activities have modified approximately 40% of the Earth's surface (Foley et al. 2005) . Foley et al. (2011) suggest that agricultural activities are the major force driving the environment beyond the "planetary boundaries" as defined by Rockstrom et al. (2009) . Even though agriculture has shaped the Earth's crust, the number of hungry people has been on the rise again since 2014, reaching anestimated 815 million in 2016 (FAO et al. 2017) . Moreover, nutritional outcomes are poor and the environmental impacts related to food production are severe, mainly regarding land cover change and the degradation of ecosystem services (Ericksen 2008; Therond et al. 2017) . This situation led the United Nations Special Rapporteur on the right to food to conclude that " [t] he food systems we have inherited from the twentieth century have failed" (Schutter 2014, p. 4) . Food systems are major contributors to the most critical problems humans face; but they can also play a major role in solving these problems (IAASTD, 2009 ).
The pressure on agricultural land to produce biomass while reducing environmental impacts is on the rise (Fischer et al. 2008; Duru et al. 2015) . In the first half of the twentieth century, agriculture was characterized by crop sequence diversity, management of soil organic matter, and biological processes. Since the 1950s, and particularly since the "Green revolution" (from the 1960ies onwards), external chemical inputs have replaced, or reduced many ecosystem services (Therond et al. 2017 ). This predominant productivist agricultural paradigm must be fundamentally transformed (Foley et al. 2011; Duru et al. 2015; Fouilleux et al. 2017) . The need for a paradigm shift is also fueled by ongoing debates about landscape management, in which authors incerasingly suggest to move from land sparing (intensifying land use on the one hand and spare other land for conservation on the other hand) towards the more integrative approach of land sharing (maintaining a coherent and diverse landscape matrix with moderately intense use in order to preserve biodiversity throughout agricultural practice) (Green et al. 2005; Phalan et al. 2011; Fischer et al. 2014; de la VegaLeinert & Clausing 2016) . Instead of viewing land sharing and land sparing as mutually exclusive land management options, it should be recognized that both offer different and sometimes complementary advantages (Fischer et al. 2008 ; de la Vega-Leinert 2014; Lee et al. 2014) . A more recent approach to landscape management in this line of thought is landscape multifunctionality, which aims at designing landscapes that serve multiple purposes,including, for example, carbon storage, flood regulation, and biodiversity conservation (Erik et al. 2009; Manning et al. 2018) . Food system activities are multifunctional: They produce food, feed, fibre, fuel, and other goods and also have a major influence on other essential ecosystem services, such as water supply and carbon sequestration (IAASTD, 2009) . Food production is a crucial ecosystem service provided by agroecosystems (Power 2010) . However, agroecosystems must do more than just deliver provisioning services such as food (Zhang et al. 2007; Lescourret et al. 2015) . They must also provide other services, such as soil nutrient recycling, microclimate regulation, biotic heterogeneity and regulation of hydrological processes (Altieri 1999; Porter et al. 2009 ).
This means considering that agricultural production of food or feed -on farms, by communities, or by corporations -is part of agroecosystems, which also produce coupled agroecosystem services. These agroecosystem services are of fundamental importance for the long-term sustainability of food systems and the complex socio-ecological systems of which they are part (Biel 2016) . There is growing evidence that future agricultural landscapes need to reduce harmful inputs of agrochemicals into the environment and offer cultural services that support the sustainability of food systems (Peano et al. 2014;  Titel... Šūmane et al. 2018 ). Yet, according to Horlings and Marsden (2011, p. 450) this "requires a more radical move and debate among scientists about fostering a new type of (multi-scalar) agri-food eco-economy". Taking this more comprehensive approach means looking at agroecosystems and the way they are related to different ways of producing, processing, retailing, and consuming food. Such a food system approach must therefore be able to identify how different food systems, beyond providing food or feed, are inherently linked to the provision of agroecosystem services, expressed e.g. in nutrient cycling, food and feed, water purification, and cultural heritage (Altieri 1983; Horlings & Marsden 2011; Lescourret et al. 2015) .
The potential of landscapes to offer multiple benefits by agroecosystem services to society beyond commodity production has received increasing attention in research and policy (de Groot et al. 2010; Mastrangelo et al. 2014; Manning et al. 2018) . However, assesseing the capacities of agricultural landcapes to provide agroecosystem services remains a challenge. Perfecto et al. (2009) advocate an agricultural paradigm that integrates agriculture and conservation in high-quality landscape patches where objectives of agricultural production and environmental conservation can co-exist. While this paradigm offersan interesting perspective, it lacks methodological guidelines on how to assess the quality of such landscapes. In this regard, Burkhard et al (2009; take an approach of studying landscapes' capacities to provide ecosystem services. Their method includes an ecosystem service matrix as a basis for assessing the capacity of each land cover class in the ecosystem to provide ecosystem services. Burkhard et al. (2009) use the land cover classes developed by the European CORINE project and rely on existing landscape data. We have taken this method a step further by adapting it for use in the context of food systems in the global South and with data available on farms.
Inspired by the paradigm shift proposed by Perfecto et al. (2009) and building on the methodological approach of Burkhard et al. (2009) , in this article we present a novel multiscale methodological approach that we refer to as Agroecosystem Service Capacity (ASC). The method is based on identifying the land cover classes of farm -based agroecosystems related to different food systems,as well as the types and numbers of agroecosystem services they provide. The types and numbers of agroecosystem services across all land cover classes of a given farm-based agroecosystem are aggregated in the ASC Index, which makes it possible to compare the capacities of different food systems to provide agroecosystem services. The potentials and limitations of this methodological approach are illustrated and discussed on the basis of empirical results from Kenya and Bolivia. Šūmane et al. (2018) argue that transition towards more sustainable agriculture requires a new knowledge base that includes new contents, new forms of knowledge, and new learning processes. The ASC approach contributes to such a new knowledge base by generating new forms of knowledge about agroecosystems that can ultimately help to advance transformations towards more sustainable food systems.
Background concepts for agroecosystem capacity assessment

Ecosystems and agroecosystems
The natural living world can be seen as a nested hierarchy of systems (organisms-populationcommunity-ecosystem-biome-biosphere), each of which has its own system behaviour and a more or less clearly defined boundary (Conway 1985) . Ecosystems have been defined in the Convention of Biological Diversity (1992, p. 3) as ''a dynamic complex of plant, animals and microorganism's communities and their non-living environment interacting as a functional unit". Ecosystems have patternsof natural processes of nutrient cycling, population regulation, dynamic equilibrium, and flows of energy (Altieri 1983) . De Groot et al. (2002, p. 294) define ecosystem functions as ''the capacity of natural processes and components to provide goods and services that satisfy human Titel... needs, directly or indirectly''. Ecosystem services are defined by the Millennium Ecosystem Assessment (2005) as benefits people obtain from ecosystems, including provisioning services, regulating services, supporting services, and cultural services.
Agricultural activities take place in parts of ecosystems that are transformed into agroecosystems. The original natural equilibrium of the ecosystem is altered by a combination of ecological and socioeconomic activities (Altieri 1983 ) in order to produce food, feed, fibre, or other goods. Although human alterations of ecosystems for agricultural production might be severe, the natural processesof ecosystems still operate as part of agroecosystems. The magnitude of the differences between ecosystems and agroecosystems depends on management decisions and levels of ecosystem modification (Altieri 1983 ).
Agroecosystems can be further conceptualized as networks of land cover classes within a site or integrated region. They result from land management decisions taken by land users (Gliessman 2007) . Beyond production, land use decisions also consider the availability, cost, and properties of inputs -e.g. fertilizers, pesticides, seeds, machinery, or credits -as well as the demand of actors in charge of processing, selling, or consuming the food to be produced. This means that agroecosystems -and their managersbecome part of food systems, which shape the type of food production with their specific characteristics of input provision, processing, selling, consuming, and treating the waste that results throughout the whole processes.
Food systems therefore influence land use and land management decisions, which in turn result in specific environmental outcomes related to complex natural interactions in the soil, the atmosphere, plants, animals, and microorganisms (Altieri 1983 (Altieri , 1999 . Food systems and related land use decisions thus play an important role in the creation of cultural landscapes,which, according to the respective types of land use, have specific capacities to provide agroecosystem services. Agroecosystem services are commonly defined as specific combinations of provisioning, regulating / maintenance, and cultural goods and services (Kyösti & Olli 2013; Wiggering et al. 2016 ) (see Fig. 1 ).
The behaviour of agroecosystems can be described by four system properties -productivity, stability, sustainability, and equitability -which can also be used as indicators of their performance (Conway 1985) . López-ridaura et al. (2005) provide an overview of attributes used to define sustainability in peasants' natural resource management systems, concluding that the five most-used indicators are productivity, stability, equability, adaptability and resilience. Therond et al. (2017) developed a new analytical framework to characterize farming systems based on two main characteristics, which they represent graphically on two axes: The vertical axis describe the shares of agricultural production derived from ecosystem services and from external anthropogenic inputs. The horizontal axis describe the main features of socio-economic contexts that determine the territorial embeddedness and economic relationships and behaviours centred on global market prices. The challenge in creating sustainable agroecosystems is to achieve natural ecosystem-like characteristics in agroecosystems (environmental sustainability) while maintaining productivity (economic sustainability) (Gliessman 2007) and equitable social outcomes (social sustainability).
Ecosystems are usually large units, which makes it difficult to relate them -and their ecological services -directly to food systems. Agroecosystems, understood here as a specific area in which the natural ecosystem is modified for agricultural purposes, are hence more directly related to food systems. Food systems are interdependent networks of actors that are connected by the flow of goods and services to satisfy local and global food needs (Colonna et al. 2013 ). Fundamental components of food systems are commonly rural spaces in which agricultural production takes place. Decisions by actors running family, community, or corporationbased food production reflect the specific features of the value chains of which they are part. This relates to the inputs available (fertilizers, pesticides, Titel... seeds, machinery, credits, knowledge, etc.) and the requirements of food processing, trading, selling, and consumers . The combination of these aspects translates into management decisions that are expressed in different patterns of land cover classes in agroecosystems. From there, we develop the idea that if agroecosystems represent the part of ecosystems most directly influenced by food systems, determining agroecosystem services constitutes an important indicator for assessing one dimension of the environmental performance of food systems. In our approach, we draw on the wide field of literature about how to determine ecosystem services and adapt these methods to the agricultural context, to identify what we call "agroecosystem services". Agroecosystemservices are those ecological services provided by the parts of an ecosystem that are most directly related to specific food system activities.
Ecosystem service assessment and mapping has increased in importance and become a useful tool in science, policy, and decision-making (Malinga et al. 2015) . There is a large body of literature on methodologies to assessor value ecosystem services. Some are developed to assess ecosystem services at large scales, e.g. García-Nieto et al. (2013) for southeast Spain. Others depend on secondary data for their assessment, like Petter et al. (2013) . Still others use primary data at the local scale, such as Sinare et al. (2016 ), or, as Carvalheiro et al. (2010 , focus in depth on one regulating service (e.g. pollination). A review by Malinga et al. (2015) shows that most studies focus on regulating ecosystem services and refer to intermediate spatial scales (municipal scale or larger), and less to the village or farmlevel.
Various authors use land cover classes as a starting point to assess ecosystem services (Ericksen et al. 2011; Koschke et al. 2012; Fang et al. 2015) . Burkhard et al. (2009) propose "Landscapes' Capacities to Provide Ecosystem Services" as a concept for landcover-based assessments. Studies conducted in Europe mostly use the 44 land cover classes of the European CORINE project (Burkhard et al. 2009; Ericksen et al. 2011; Burkhard et al. 2012; Koschke et al. 2012; Burkhard et al. 2014; Fang et al. 2015) .
For research in the global South, FAO (2003) provides a list of 99 land cover classes adaptable to various contexts.
Ecosystem service assessment methods are well established. However, there is less literature on agroecosystem services. One can argue that we could have directly used the ecosystem methods, but ecosystems differ fundamentally from agroecosystems. The main difference is their productivity objective and the politically or socially defined boundaries, expressed as collective or private properties on land. Consequently, food systems are a patchwork of agroecosystems in which, instead of natural units, we find land cover classes heavily influenced by human activities that must be made comparablefor different agroecosystems. As mentioned, we build on the method of ecosystem services proposed by Burkhard et al. (2009) . However, their method does not propose a formula to calculatethe ASC of different land cover classes, nor doesit present aggregate index values for the agroecosystem (see section 3). For our case, it was fundamental to assessthe environmental performance of food systems by developing a method that could determine their capacity to provide agroecological services.
Agroecosystem services and land cover classes
An agroecosystem is an area of an ecosystem that has been transformed by human agricultural interventions into an agroecosystem (Altieri 1983; Hart 1985; Conway 1987; Altieri 1999; Gliessman 2007) . More concretely, an agroecosystem is a spatially and functionally coherent unit of agricultural activity that includes living and non-living components and their interactions, (Dominati et al. 2014) . Assessing the capacity of agroecosystems to provide agroecosystem services in the context of food systems is a challenge in practical terms, as agroecosystems are often made up of multiple farms, making it difficult to assess agroecosystem services across an entire agroecosystem.
Titel...
A key aspect inassessing ASC is to understand the relation between ecosystems, agroecosystems, and farming systems (or farms). The agroecosystem concept provides a framework for analysing food production systems in their entirety, including their complex sets of inputs and outputs and the interconnections between their component parts (Gliessman 2007) . Conway (1987) argues that agroecosystems can be conceived within a classical hierarchy of systems: at the bottom of the hierarchy is the agroecosystem comprising the individual plant or animal, its immediate micro-environment, and the people who manage it. Articulated to this is a next component concerning the field and farm level, and the hierarchy continues upwards in this way, each agroecosystem forming a component of the agroecosystem at the next level (Conway 1987) .
For the purpose of this study, we understand agroecosystems as areas of an ecosystem that have been transformed by human agricultural interventions resulting from different types of production systems that are shaped by the humans managing a farm. We therefore consider it adequate to use a concept of agroecosystems that includes production systems as a major cause of the transformation of ecosystems into agroecosystems. We adopt an agroecosystem framework to study food production systems because it enables us to assess farms not simply as units of biomass production, but as comprehensive entities that have the capacity to produce biomass as well as other, sometimes numerous, additional farm-based agroecosystem services. This means that we determine the farmbased agroecosystem services provided by specific sections of an agroecosystem, represented by farming units, which at a higher level constitute the wider landscapes. The basic unit of analysis, therefore, is the sections of agroecosystems managed by specific farms. We refer to these as "farm-based agroecosystems" (FBAs), and to the number and types of agroecosystem services they provide as "farm-based agroecosystem services" (FBA services). We use the land cover classes in the FBAs as the lowest empirical unit of analysis and assess the capacity of each land cover class in an FBA to provide FBA services. (Gliessman 2007) . The management decisions that define the type of agricultural interventions are influenced by the food systems to which the FBAs belong. An FBA that is part of an agro-industrial food system will probably use different machinery, seeds, and agrochemicals than an FBA that is part of a local food system. At the same time, the land cover of an FBA also reflects its underlying geological, geomorphological, climatic, and related biological macro conditions. This is in line with Di Gregorio's (Di Gregorio 2016, p. 1) description of land cover as the "a synthesis of the many processes taking place on the land". According to him, land cover reflects the occupation and the transformation of land by various natural and anthropogenic systems and, to some extent, how these systems affect the land (Di Gregorio 2016). We therefore consider land cover asuitable indicator to help measure the effects of human interventions on an FBA. More concretely, we propose transferring the methodology that Burkhard et al (2012) developed for assessing ecosystem services to the concept of agroecosystem services. In other words, we propose considering agroecosystem services as the capacity of specific networks of land cover classes (of a specific FBA) to provide a specific bundle of agroecosystem goods and services.
Each land cover class in an FBA has the potential to provide agroecosystem services. Agroecosystem services are goods and services that the FBA can provide and which contribute to human wellbeing (Zhang et al. 2007; Lescourret et al. 2015) . Agroecosystem services can be provisioning services, regulating services, supporting services, or cultural services (Kyösti & Olli 2013; Wiggering et al. 2016) . Burkhard et al. (2012) , propose two ways of defining the capacity of land cover classes to provide ecosystem services: as i) the capacity of a land cover class to provide the set of services actually used (directly or indirectly, by a group of people); and ii) the capacity of an area of land with a specific Within the Earth system (green line in Fig. 1 ), various food systems coexist: for illustration purposes one typical global food system is depicted on the top left. Input supplies from the global market are transported to production units that we call FBAs. The products are then processed, packaged in the region, and retailed by global markets to finally reach the consumers. Food systems provide the social, economic, and political dimensions that influence the types of management decision that will be made in the FBA. The natural resource base or biophysical structures and processes of ecosystems provide 
the physical space where the FBA exists (see Fig.  2 ). An FBA is a combination of the natural resource potential plus the human inputs and decisions (Altieri 1983) (Kyösti & Olli 2013; Wiggering et al. 2016) , and supporting services on the other (Ma et al. 2015) . Supporting services differ from the first three types of service in that they have a transversal role, influencing the capacity of FBAs to provide the other three services. Each type of agroecosystem service can provide goods (tangible products) and benefits (intangible products). The goods and benefits can stay in the FBA and build it up (benefits such as foliage that fallsonto soil and regenerates it) or be transported out of the FBA to other landscapes in the region or the Earth system (such as carbon dioxide capture, which benefits the Earth system).
Ecosystems are similar to FBAs, but there are also fundamental differences. The services of both types of system can be categorized as provisioning, regulating/maintenance, cultural, and supporting. The main difference is that an ecosystem is an area with ill-defined boundaries in which a dynamic complex of biotic and abiotic components freely interact. An FBA is a well-defined area with a dynamic complex of biotic and abiotic components, but with their interactions conditioned by human interventions to obtain outputs (as agroecosystem services) such as food, feed, or fibre, which are generally preferred by farmers and markets. Human interventions in FBAs can be characterized by the use of external inputs (fossil energy, fertilizer, pesticide, etc.) that could be replaced by inputs from ecosystem services (e.g. nutrients from soil mineralization), as described in the analytical framework proposed by Therond et al. (2017) .
The Agroecosystem Service Capacity approach
The Agroecosystem Service Capacity (ASC) approach aims at assessing the capacity of the land cover classes of an FBA to provide one or several of a maximum of 20 different agroecosystem services.
The approach provides results for each land cover class and is the basis for calculating an aggregate index for the whole FBA. The results allow us to compare different FBAs, and, within these, the capacities of the land cover classes.
A tool suitable for its local context was developed during two-and-a-half years of research on 18 farms belonging to three typical food systems in Latin America and three in Africa (details of the fieldwork are contained in section 4). In section4, we describe how we applied the ASC, and provide the results from one farm belonging to one food system each in Kenya and in Bolivia.
To develop the ASC approach we followed four steps: i) Land cover classification: We defined an approach for land cover classification in FBAs (section 3.1). ii) Agroecosystem services: We defined which of the commonly used ecosystem services in the scientific literature are relevant for FBAs directly related to and shaped by food systems (section 3.2). iii) Indicators and rating scale: We identified the indicators needed to assess each FBA services and created a rating scale for each indicator adapted to the food system context and the data available (section 3.3). iv) Matrix: We developed an Agroecosystem Service Matrix that serves for aggregating the data collected and calculating an ASC for each land cover class and an ASCIndex for the whole FBA (section 3.4).
The method and tools for land cover classification in food systems related agroecosystems
Land cover classes are the basic unit of analysis to assess an FBA (see section 2.2). Therefore, a fundamental step of the ASC approach is to classify Titel... the land cover of the FBA. Land cover classification comprises two main steps:
i) Fieldwork to collect data on the different land cover classes. The data should also provide information on the 20 agroecosystem services described in section 3.2 and enough information to rate the capacity of each land cover to provide the 20 agroecosystem services according to the rating scale in section 3.3. ii) Carry out a land cover classification of the studied FBA. A useful list for classifying the land cover of FBAs is provided by FAO (2003) .
It offers 99 globally applicable land cover classes, subdivided into seven categories. The seven categories (with an example of each of land cover class in parentheses) can be summarized as: i) cultivated terrestrial areas and managed lands (e.g. irrigated herbaceous crop); ii) natural and semi-natural terrestrial vegetation (e.g. closed trees with shrubs); iii) cultivated aquatic or regularly flooded areas (e.g. rice); iv) artificial surfaces and associated areas (e.g. industrial area); v) bare areas (e.g. bare soil); vi) artificial waterbodies (e.g. artificial lakes or reservoirs); and vii) inland waterbodies (e.g. river).
The list contains most of the land cover classes found in the FBAswe studied. For cases where a land cover class is noton the FAO list (2003), Di Gregorio (2016) provides a comprehensive land cover classification method that can be used complementarily. To create the land cover maps for each FBA we used Google Earth and QGIS software.
The 20 agroecosystem services
As mentioned in section 2.2, an FBA is an ecosystem that is managed for agricultural purposes. In order to assess the capacity of the land coverclass to provide agroecosystem services, it is important first to define which of the ecosystem services used in ecosystem literature are relevant in agriculture as agroecosystem services. Burkhard et al. (2014); and Burkhard et al. (2014) , because they all use land cover classes as a basic unit to assess an ecosystem's capacity to provide ecosystem services. Additionally, using the search term "agroecosystem services" in Scopus and Google Scholar, we identified two further author groups, Garbach et al. (2014) ; Ma et al. (2015) , who also propose lists of ecosystem services related to agriculture. We included all these lists in one table. This resulted in a list of ecosystem services that could be related to agroecosystem services. The list had eight rows, each row representing a different literature source and containing the ecosystem services proposed by the author that can relate to agroecosystem services.
From this table, we selected the ecosystem services relevant for the FBA services assessment according to two criteria: i) The production space of the food systems (e.g. farms) must show land use classes that can be directly related to the list of specific ecosystem services; and ii) the ecosystem service must have been mentioned in at least two of the literature sources of the above list. We included the ecosystem services that were most commonly used in the literature and that coherently existed in the field research sites (excluding fisheries or aquaculture, as they did not exist at the research sites).
We compiled 20 agroecosystem services that are adapted to any type of FBA. In Tab.1, they are organized and classified according to the CICES used by Haines-Young and Potschin (2013). There are nine provisioning services, eight regulating/maintenance services, two cultural services, and one supporting service.
Provisioning services are goods and services that provide nutritional, material, and energetic outputs (Haines-Young & Potschin 2013). Regulation and maintenance services cover mediation of flows of solids, liquids, and gases that affect ways living Titel... organisms can regulate the physicochemical and biological environment (Haines-Young & Potschin 2013),which indirectly also affects humans. Regulating services are challenging to measure, because humans benefit indirectly and they comprise several interconnected ecosystem processes that depend on different ecosystem properties (Villamagna et al. 2013) . Cultural services are the intangible services that affect the physical and mental states of people (Haines-Young & Potschin 2013) . Cultural services are also challenging to assess as they are subjective and non-material (Burkhard et al. 2014 ).
In our understanding, an FBA can be expressed by the land cover classes it encompasses (structural diversity). These land cover classes contain a variable amount and diversity of plants and animals (biological diversity). We regard biodiversity as a precondition for land cover classes to be able to provide certain agroecosystem services (Altieri 1999) . Biodiversity enhances a variety of services beyond production of food, including recycling of nutrients, regulation of microclimate and local hydrological processes, suppression of undesirable organisms, and detoxification of noxious chemicals (Altieri 1999) . Agrobiodiversity also makes the FBA more resilient (Lin 2011; Jacobi et al. 2015 Titel...
The rating scale and indicatorsof ASC
The rating scale and indicators are central elements of the ASC approach. We developed a rating scale adapted to the indicators of each FBA service that can be assessed with primary data collected from farmers.
To create the rating scale, we followed the approach of Burkhard et al. (2009) by taking the maximum values identified in our sample as the reference values representing rating 5 (=very high capacity to provide the flow of current FBA services in one normal year). Rating 0 (=no capacity) was given when the land cover provided no service at all. The steps in between were defined by halving the maximum value (to define the medium high capacity=3) and then putting equal steps between the remaining values (1=low capacity, 2=relevant capacity, and 4=high capacity) (see ASC Toolbox in Annex for details on each FBAS and its rating scale).
To assess the capacity of each land coverclass to provide ecosystem services, Burkhard et al. (2009) ; (2014) presents a list of potential indicators. From this list we selected the indicators that best matched the food system context in which we aimed to create easy-to-use indicators that can, eventually, also feasibly be applied by non-scientist actors (see ASC Toolbox in Annex for details). For example, we did not use the indicators that required soil or water samplingas suggested for the ecosystem service "water purification", which would mean measuring total dissolved solids in mg/litre of water or sediment load in grams/litre of water. Quantifying such indicators is complex, and in practical terms it would be almost impossible to isolate the effects caused by factors within or outside a specific food system. In cases like water purification services we decided to use activity-based proxy indicators: instead of quantifying the capacity to purify water by sampling water, we assessed the number of activities that are carried out in the management of a specific land cover class that can enhance or hinder the capacity of the land cover class to provide e.g. clean water (see activity-based proxy indicators in the next paragraphs). Another important aspect concerns creating indicators that are adapted to the diverse types of sources from which we can obtain data on the different kinds of land cover classes. For example, for a production land cover class, stakeholders know the annual yield of food produced in tn/ha; whereas in terms of soil quality they have no quantitative data, but they see and perceive soil degradation. In order to be able to use both sources of knowledge, we developed indicators based on numeric and on qualitative information. We identified four main groups of sources covering different types of indicators:
1 Quantitative indicators: Refers to quantities of certain goods and services that the land cover class can provide, for example tonnes of food produced per hectare (Burkhard et al. 2014 ). This type of indicator is mostly used for provisioning FBA services because farmers can, in most of the cases, provide the data (see ASC Toolbox Annex).To set the range (highest and lowest) of the rating scale for these quantitative indicators, the highest value of the scale (5=high capacity), was assigned to the highest quantitative value that we registered in the land cover classes in concrete empirical cases; the lowest value (0=no capacity) was given to the land cover classes that did not provide any specific service.
Qualitative indicators:
Refers to qualitative information based on the perceptions of FBA managerson land cover class capacity to provide FBA services that are difficult to quantify. For example, we used the perceptions of FBA managers to describe the capacity of a land cover class to provide FBA services, e.g. related to local climate regulation or nutrient regulation among others (see ASC Toolbox Annex for details).
3 Activity-based proxy indicators: Are agricultural or management activities that can promote or hinder the capacity of land cover classes to provide specific FBA services. In the ASC Toolbox in Annex 1, we provide a list of activity-based proxy indicators that we found in the literature under "good agricultural practices" (FAO Grieg-Gran & Gemmill-Herren 2012; . This type of indicator is mostly used for regulating services that are complex and difficult to Titel... quantify. For example, the amount of water a certain land cover class can store is difficult to quantify; however, there are studies that provide lists of agricultural activities that promote or hinder water regulation, such as mulching, water harvesting, agroforestry, breeding, and selecting crop species and varieties adapted to the local climate (FAO 2013) . The activity-based proxy lists (see ASC Toolbox Annex) were used for assessing land cover class capacity to provide specific FBA services by counting the number of "good agriculture activities" that are implemented in each land cover class. For example, if in a land cover class three of the afore mentioned good agricultural activities for water quality regulation are applied, the land cover class is assigned "3" for its capacity to provide water regulation as an FBA services.
The maximum value of the scale (5= very high capacity) for the activity-based indicators is assigned to land cover classes where all the activities listed in ASC Toolbox Annex for the specific FBA services are applied. The lowest value (0=no capacity) is given if none of the mentioned activities are implemented in land cover class.
4 Vegetation cover proxies. For natural and seminatural land cover classes the capacity to provide specific FBA services is assessed using vegetation cover as a proxy.
In this type of scale, the maximum value of 5 (=high capacity) is assigned when the vegetation cover consists of multi-layered trees (i.e. similar to natural vegetation of the area); 1 (=low capacity) is assigned when the vegetation in the land cover class is open herbaceous vegetation; and 0 (=no capacity) is assigned when a land cover class consists of bare soil or is an industrial area (for details see ASC Toolbox in Annex). This indicator is based on the idea that to create sustainable FBAs, we need to create natural ecosystem-like characteristics in FBAs (Gliessman 2007) .
The rating needs a well-defined spatial and temporal scale. The spatial scale is given by the boundaries of the FBA. Within FBA boundaries (i.e. farm boundaries), the area of each land cover class is known. For the temporal scale, we took the maximal flow of FBA services in one normal agricultural year in the study area. We refer to a normal agricultural year when average weather and market conditions allowed for routine farm management. Therefore, the ASC results provide an assessment for the capacity of each land cover class to provide specific FBA services in one normal year.
The Agroecosystem Service Matrix: Aggregating food system related land cover class capacities to provide farm-based agroecosystem services
In the previous sections we described the method for land cover classification and the definition of individual related FBA services Titel... The area (Ai) occupied by the land cover class within the agroecosystem in per cent of the farmarea gives an indication of the importance of the land cover class within the agroecosystem. For example, in the ASM in Tab. 3, the land cover class Forest Plantation Angiosperm Native has a strength (Si) of 1.55
and provides 10 out of 20 FBA services (Ni=2.50). However, its ASC of 0.04 is very low because the area (Ai) this land cover class occupies within the FBA is only very small (1.79%).
The number of FBA services (Ni) that the land cover class can provide is calculated by counting the number of times the land cover has a value greater than zero for the specific service in the ASM (not adding the values). Next, this number is normalized on a scale from zero to five (see Tab. 2) . Ni provides insights on the multifunctionality of the land cover. In our view, multifunctionality and diversity are essential for sustainability. For example, in an FBA where only one crop is grown (soybean in Bolivia) it is common to see that one land cover class occupies a vast surface (Ai) of the FBA and has a lot of strength (Si) but an overall low ASC, because it provides only one or two FBA services out of 20 that could be provided. Titel...
The strength (Si) of the land cover classes in providing specific FBA services is represented by the value in each cell in the ASM. The Si value is obtained from the rating (explained in section 3.3), from zero to five, of the land cover class capacity to provide each one of the 20 FBA services. Si is the sum of ratings that each land cover class of the FBA has, divided by the number of FBA services. For example, in the ASM in Tab. 3 for the first land cover, irrigated herbaceous crop, the land cover class occupies a large area of the FBA (83%) and provides 8 out of the 20 FBA services (equal to Ni=2), but it has a low strength of 0.78 (on a scale from 0 to 5), so the ASC of the land cover class is 1.16=low capacity. It is important to highlight that we consider Sito relate not to land cover classes alone, but also to the FBA services and their characteristics. We use the Si of land cover classes as a proxy to assess the capacity of FBAs to provide FBA services.
With this component of ASC we address the issue of imbalance between the number of FBA services in each section (e.g. nine provisioning, one supporting). This we do by dividing the total strength of the land cover class by the total number of FBA services (20), in order to give each FBA service the same importance in the ASC Index (see formulas in Tab. 2).
The ASC values of the different land cover classes can be mapped by assigning a colour code to each land cover class depicting the land cover's capacity to provide FBA services. This ASC Map is calculated by multiplying the strength (Si) by the number of services (Ni), without including the area (Ai) in the multiplication because the area the land cover class occupies within the FBA will be illustrated in the map. The colour is assigned to the land cover class according to the ASC Map value of each land cover class. The colour code usedin the example in section 4 is 0=no capacity: white;1=low capacity: grey; 2= relevant capacity:red; 3=medium high capacity:yellow; 4=high capacity:blue; and 5=very high capacity:green.
The ASC values provide information on each land cover class of the FBA (see last column in Tab. 3). In order to compare one FBAto others the ASC values are added up to obtain the ASC Index. ASC= the values of ASC of each land cover class in the FBA (last column in ASM).
The ASC Index provides an aggregated estimate of the capacity of the entire FBA to provide FBA services. The ASC Index can be used to compare different FBAs and to assess specific indicators of food system sustainability.
The ASC Toolbox in the Annexis the central part of this approach: it provides the main tools for ASC assessment. It is arranged according to the four main types of FBA services: provisioning, regulating/ maintenance, cultural, and supporting services. For each FBA services the Toolbox provides a definition of the land cover classes that provide a specific FBA services, a detailed description of the indicators used to assess the FBA services, proposed guiding questions to collect data on land cover class capacity to provide the FBA services, and the scale for rating the capacity of each land cover class to provide the 20 FBA services. The ASC Toolboxis a starting point for ASC assessment, and can be adapted to local contexts by adding other FBA services or removing the services that are not relevant in the given context.
Empirical application of the Agroecosystem Service Capacity approach in food systems
The method was created, tested, and applied in 18 FBAs: nine in Bolivia and nine in Kenya.In this section, we illustrate the applicability of the Agroecosystem Service Capacity (ASC) approach by presenting the method and results of one application in Kenya, at an agro-industrial horticulture farm in Nyericounty (Ag-1K), and one in Bolivia, at an agroecological horticulture farm in Samaipata (Ae-1B) (see Tab. 3).
Titel...
During fieldwork, we used semi-structured interviews, participatory FBA mapping, transect walks, visual soil assessment, and vegetation and soil sampling tools. The fieldwork data had to provide information on the capacity of each land cover class to provide the 20 FBA services. The list of 20 FBA services shown in Tab. 1 was used in all 18 case studies.
The Agroecosystem Service Matrix
Based on the fieldwork, we identified, described, and mapped land cover classes for agro-industrial horticulture in Kenya (Tab.4) and agroecological horticulture in Bolivia (Tab. 5). The land cover classifications and descriptions were the main input for rating land cover classes in terms of their capacity to produce each of the 20 FBA services using the rating scale described in section 3.3. The Agroecosystem Service Matrices (ASMs) in Tab.4 and Tab. 5 show the results of the rating, which were inserted as explained in section 3.4.
The agro-industrial horticulture FBA (see ASM in Tab.4) has an ASC Index of 1.31, which means it has a low capacity to provide FBA services. The land cover class "Irrigated herbaceous crop" has the highest ASC, which makes sense,asthis FBA is a horticulture farm. The FBA also includes three land cover classes representing different types of "Forest plantations", which altogether cover 13% of the total area of the FBA. This is more than the 10% required by the Kenyan Agriculture Farm Forestry Rules (2009) . Surprisingly, however, the ASCs of the "Forest plantation" land cover classes are low: All have ASC values below 0.1 (see Tab.4). This is because they occupy very small areas (Ai) (<1%) within the FBA, strongly affecting the overall capacity of the land cover to provide FBA services. The agroecological horticulture FBA (see ASM in Tab. 5) has an ASC Index of 2.68, i.e. medium high capacity to provide FBA services. The land cover class Irrigated herbaceous crop (i.e. horticulture fields) has the highest ASC (1.24) and occupies 41% of the FBA. Overall, this agroecological horticulture FBA (Ae-1B) has double as much capacity to provide FBA services as the agro industrial horticulture FBA (Ag-1K). Cold chain is required for retail, most products are exported to Europe and UK by air.
Consumption
Consumers buy the product because they know the farmers (either in person or by reputation); a small portion is consumed by farmers.
No link exists between producers and consumers, products are consumed at national and global level. Titel... Table 4 : ASM for an agro-industrial horticulture farm in Nyeri county, Kenya (Ag-1K). This FBA has eight identified land cover classes. For each land cover class, the capacity to provide 20 farm-based agroecosystem services was assessed on a scale from 0=no capacity (white) to 5=High capacity (red) using the rating scale in the Agroecosystem Service Capacity (ASC) Toolbox (Annex). The penultimate column to the right depicts the values and colours used for each land cover class in the ASCMap (Fig. 2) . The last column displays the ASC values for each land cover class. The ASC Index is the sum of all ASCs in the FBA, shown in the yellow box on the bottom right. Table 5 : ASM for an agroecological horticulture farm in Bolivia (Ae-1B). This FBA has twelve identified land cover classes. The assessment was done in the same way as for previous ASM in Tab.3.
Titel...
We have applied the ASC approach in 18 FBAs. In Tab 6. we summarize the results from four additional FBAs to illustrate the feasibility of applying the approach in different food systems. In terms of size, the smallest FBA to which we applied the ASC had half a hectare and the largest more than 4000 hectares. The lowest ASC Index value of 0.85 was identified in agro-industrial soybean production in Bolivia (Ag-3B); the highest value of 2.68 was found in agroecological horticulture in Bolivia (Ae-1B, presented above). This suggests that the agroecological FBA Ae-1B can provide approximately three times more FBA services than the agroindustrial FBA Ag-3B. The colour code uses the same scale as the rating of individual land cover classes; the intensity of each colour denotes decimals. E.g. the land cover class "Irrigated herbaceous crop" has an ASCMap value of 1.5, so it is light red rather than dark red).
Farm-based agro ecosystem
Agro-industrial, Bolivia (Ag-3B) Titel...
Discussion
Added value of the ASC approach
The Agroecosystem Service Capacity (ASC) is a methodological approach that allows comparison of the capacity of farm-based agroecosystems -as central components of food systems -to provide farm-based agroecosystem services. Through this, the ASC approach can contribute to the assessment of environmental performance of food systems by tracing back the influence they have on the diversity of land cover classes and the related agroecosystem services. Using land cover classes to better understand human-nature interactions has gained importance in the scientific arena contributing to more informed decision-making processes.
In unperturbed eco-systems, there is a certain homogeneity within land cover classes, although some local factors may be a source of variation. In perturbed agroecosystems, management plays an important role in determining the provision of agroecosystem services. Merging the concepts of FBAs and land cover classes in our conceptual and methodological framework has the advantage that the framework refers to a piece of landscape including its specific land cover classes, which are a result of management decisions and biophysical conditions. In this sense, it includes management implications. All FBAs potentially have the capacity to provide FBA services; however, their actual capacity to do so varies according to their biophysical characteristics and human management decisions, including inputs such as labour. Commonly, farms and their related patterns of land cover classes are measured by their annual yield of food or fibre (Biel 2016) . The ASC approach that we propose here uses the yield of food, feed, or fibre and 19 other FBA services to assess and compare land cover classes in FBAs. The approach enables an integrated assessment of the FBA as a whole, looking beyond mere yields (Altieri 1983; Lescourret et al. 2015) . For example, the two horticulture farms that we presented differ fundamentally in their management; one is agroecological and the other intensively managed cropland, which we refer to as agro-industrial.
Assessing the two FBAs' ASC Index showed that the management decisions taken in the agroecological FBA equipped it with twice the capacity of the agroindustrial FBA to provide FBA services. The ASC approach can help to shed light on the capacities of FBAs to provide FBA services. This can make it easier to redefine the roles FBAs play within a larger ecosystem or the planetary system. Thus, the approach can contribute to the scientific debate on food system sustainability. Burkhard et al. (2009) proposed using land cover classes as a unit of analysis to assess the capacity of a landscape to provide ecosystem services. We add value to their method by taking it a step further and proposing: i) an option to assess and compare the capacity of agroecosystems to provide different agroecosystem services based on the land cover classes in FBAs; ii) a rating scale that is adapted to the types of data collectable at farm level and can also be applied by non-scientific actors; iii) an equation to estimate ASC per land cover class; iv) an equation to calculate ASC without factoring in area, to obtain values that can be used to map the ASCs of land cover classes in anFBA; v) an ASC Index to estimate an entire FBA's capacity to provide FBA services, in order to compare different FBAs.
Systems thinkers have mentioned that the whole of a system is more than the sum of its parts (Capra 1996) . Likewise, the ASC Index is more than the sum of the ASCs of each land cover class since it integrates the strength (Si), area (Ai) and number of service (Ni) that each land cover class can provide (see equation 1). Yet the ASC Index solely gives an indication of the capacity of the FBA to provide services: it is not a quantitative measure of this capacity. To include aspects that go beyond the sum of ASC values, the next step would be to map the interaction between land cover classes using social network theory as proposed by Griffon (2008) . Due to time constraints, this has not been developed in the present study. Sinare et al. (2016) proposed a method for classifying village landscapes into social-ecological patches (landscape units corresponding to local landscape perceptions) and for taking these patches Titel...
as the basis for assessing provisioning ecosystem service and benefits to livelihoods. One of their recommendations was to include in the assessment other services, such as cultural and regulating ecosystem services (Sinare et al. 2016) . The ASC we propose refers to provisioning, regulating/ maintenance, cultural, and supporting services in the context of FBA. It could be adapted and applied to study the capacity of village landscapes to provide FBA services.
The ASC approach evaluates the FBA service flow related to land cover classes during one normal year. Burkhard et al. (2012) identify two other types of ecosystem service: i) ecosystem service potentials, defined as the hypothetical maximum yield of selected ecosystem services; and ii) demand for ecosystem services, defined as the ecosystem goods and services consumed or used in a particular area over a given time. The ASC approach does not include an assessment of these, because, in our approach, if a land cover depends on external services, this means it provides few or no FBA services. Hence, the FBA will demand more services than it can provide. In terms of the hypothetical maximum, a new scale would have to be developed in the ASC Toolbox to assess the hypothetical maximum and compare it to the actual flow. However, given the complexity of defining the hypothetical maxima for the different FBA services, we considered it more straightforward to compare the actual flow of FBA services.
Challenges and prospects for the ASC approach
We implemented the ASC approach in a set of situations in which we faced several challenges. The main challenge while developing the tool was to strike a balance between high quality scientific data and information that is feasible to be collected under field conditions in Bolivia or Kenya. Extensive field work led us to the compromise presented here (see rating scale in ASC Toolbox in Annex). Nevertheless, both the scale and the tools for assessing capacity to provide FBA services could be further improved based on empirical application of the tool in more situations and additional research on specific FBA services.
FBA services are difficult to put into entirely quantitative data. Consequently, we used different approaches to collect data on the capacity of each land cover class to provide FBA services. The data sources ranged from quantitative and qualitative indicators toactivity-based proxies and vegetation cover proxies (see section 3.3). Although we tried to reduce uncertainty, each data source entails a level of uncertainty. In terms of sensibility to single variables, in the ASC all land cover classes and all FBA services are given the same level of importance. The ASC was tested in 18 FBAs in different contexts and constantly yielded coherent results and demonstrated its robustness. However, it is important to underline that the ASC Index provides an indication -and not an absolute quantitative value -of an FBA's ASC. Beyond the value itself the story and analysis that can be built around the value, showed to be important as well.
Critics may argue that the ASC approach simplifies the complex interactions in FBAs by reducing them to a set of land cover classes and FBA services. However, the complex interactions of biophysical aspects in FBAs are considered via the FBA services that are selected for assessment e.g. via soil formation and water purification. The type and number of FBA services included in the assessment can be adapted to the given local context so as to consider more or fewer biophysical aspects of the FBA.
End users of the ASC approach may face the following challenges: i) its application is time-consuming and ii) rating land cover classes is not easy and requires expert judgement even though we have tried to make the rating scale as precise as possible.
The ASC approach and the 20 FBA services of the ASC Toolbox focus solely on food systems' production activities, and not on other food system stages such as input provision, processing, transport, or retail. This is at odds with a more coherent food system approach. However, assessing a food system's production stage is the first -and probably most important -step, because this stage shapes the structure of land cover across a large area and accounts for a positive or negative balance of the food system's capacity to provide FBA services. Nevertheless, an important next step would be to adapt the ASC Toolbox for applicability to the entire supply chains of food systems. This would mean e.g. assessing to what degree the extraction of gas, oil, or minerals used for producing mineral fertilizers or pesticides affects the FBAs' ASC and the overall balance of an agro-industrial food system in terms of its capacity to provide FBA services.
The results of the ASC approach can provide a basis for further discussion on food system sustainability. For example, on defining a minimum, in terms of quality and composition, of FBA services that land cover classes of FBAs should provide. If we recognize that farms are much more than biomass producers, we can give them more responsibility as well as regulations that make them provide more FBA services. We can also acknowledge their contributions to local and global well-being, e.g. by reducing their taxes or introducing other incentives adapted to local contexts.
Conclusions
In the face of today's socio-environmental challenges, humanity cannot afford to have farm-based agroecosystems that only produce biomass. It is not useful to concentrate on environmental challenges as individual variables: The challenge in assessing the sustainability of agriculture lies in developing assessment methods that take into consideration different variables such as ecosystem services (Therond et al. 2017 How much food crop can the land cover class produce?
Specific questions:
How much produce can this land cover class provide per year? How capable is the land cover class of providing fodder?
Specific questions
How much fodder is produced (humid matter)?
How many animals can be fed? 
Do you produce seeds? How much in kg and form which species?
How often do you buy seeds?
How much do you buy in kg and which species?
Where do you buy your seeds? How capable is the land cover class of providing timber?
How much timber is harvested?
Do you sell (% of income from timber) or buy timber?
Scale 5-Very high capacity: Timber production is the main productive and commercial activity of the land cover class 4-High capacity: Timber production is a very important productive and commercial activity of land cover class 3-Medium high capacity: Timber production in land cover class is sufficient for own use within the FBA, some may be sold 2-Relevant capacity: Timber production in the land cover class is sufficient for own consumption within the FBA, no timber is sold 1-Low capacity: Timber production in land coverclass is not sufficient for own use; it is purchased when needed 0-No capacity: Not an activity in this land cover class How capable is the land cover classof providing wood fuel?
Specific question
Is wood fuel production an activity in this land cover class type?
How much is produced and is it sufficient for your own consumption? 3 Calculate the Shannon index as in Griffon (2008) 
